Aided Design system for sketching free-form polygonal surfaces such as terrains and other natural objects.
INTRODUCTION
The design of free-form surfaces such as terrains and other natural objects is difficult and time-consuming. Part of the reason for this is that the task domain is 3D space, and designing 3D objects is difficult in general. Traditional CAD systems based on 2D 1/0 devices such as mice, tablets and video displays make the design task still more difficult because these devices each have one degree of freedom less than the design domain. Broadly speaking, the two areas in which traditional CAD systems fall short are in the perception of 3D shape (output ), and in the direct manipulation of 3D data (input).
On the output side, the the advent of graphics computers capable of rendering more than 500,000 texturemapped triangles per second allows the possibility of real-time animation of complex 3D objects. Texture mapping and animation
give vital information about the 3D shape of an object, and their intelligent deployment can help the user to better understand the 3D shape of the objects being edited.
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On the input side, 3D objects can be more easily manipulated by 3D tracking devices than with a mouse [17] , because the user does not have to mentally break down the 3D task into a sequence of 2D operations.
Using a 3D device allows the user to directly manipulate the objects of interest without intermediate steps.
Of course, some operations in a CAD system are naturally 2D or ID, so the interaction techniques that use a 3D tracker should be able to constrain the tracker motion to a line or a plane when necessary.
We have built a Computer
Aided Design system called THRED (for Two Handed Refining EDitor) for sketching free-form polygonal surfaces such as terrains and other natural objects. We chose polygonal surfaces because our goal is to design terrains for virtual environments, which must be rendered in real-time.
The realtime requirement precludes the use of smooth surfaces such as bicubic patches [9] , and since THRED uses realtime display of the surface to help the designer understand its shape, the designer immediately gets a feel for whether this terrain is too complex to display in VR. THRED continually animates the 3D object being sketched, and uses two Polhemus magnetic 3D position and orientation trackers with added buttons to input commands and to manipulate the control points of the 3D surface.
The user sits in front of a graphics console that has a screen, keyboard, mouse, and the two 3D sensors. Each 3D sensor has a distinct role, with the dominant hand being responsible for picking and manipulation, and the less-dominant hand being responsible for context setting of various kinds. For the sake of rhetorical convenience, we will refer to the dominant hand as the right hand and the less-dominant hand as the left, but the system is ambidextrous, because the Polhemus trackers are symmetric and can be handled with equal ease by both hands. This paper describes the CAD system, outlines the operations and the interaction techniques, shows a simple example surface, and points to directions of future research.
PREVIOUS WORK
The previous non-traditional CAD systems that use 3D input devices can be subdivided into two broad categories -immersive and non-immersive.
2.1 Immersive 3D Design A Head Mounted Display (HMD) is used in the immersive style to display the scene to the user. In 1976, James Clark (6] build a system which used a HMD and a single 3D wand with some buttons to design free-form bicubic patches rendered as line drawings.
Control point manipulation was accomplished by moving the wand within the selection radius of the desired control point, pressing one of the wand buttons, and dragging the control point to the desired position.
Clark's system was ahead of its time, and required exotic hardware, so neither the system nor the interaction style were successful at the time.
More recent work at the University The data structure of THRED is based on the square (figure 1), which contains the one vertex and a set of pointers to all its nearest neighbors in the mesh. The square also contains a list of its children, surface normals, plane equations, and graphical display list IDs. Aside from bookkeeping modifications, only the following three operations can modify the mesh data. The refine operation creates four child squares for a square, the move operation changes the vertex data and recalculates other salient geometric information, and the add row/column operation adds a row or a column of squares to the periphery of the root-level mesh.
To create a model, the user starts with a single square at the origin and commences adding rows and columns, refining squares, and moving vertices. The user builds the desired surface by iteratively modifying, refining, and examining the surface given the available interface tools. This view of surface modeling is similar to Forsey's Dragon Editor [9] , with the obvious exception that the Dragon Editor manipulates B-Splines.
Surface Display
In order to help the user visually locate the control vertices, the NorthWest triangle of a square is drawn a darker shade than the SouthEast triangle. Each level has its own unique hue, so for example the root level is magenta, level 1 is yellow, and so on. For diffuse and specular reflection, the face normal is used, so that the surface looks strongly faceted. This helps the user find each editable vertex at a glance.
When the user has restricted vertex selection to a maximum level of refinement, descendants of the maximum squares are drawn using the maximum level color, but the descendant geometry. That is, when the level is restricted, just the color changes to reflect the restriction and to delineate the selectable points.
One of the problems in working with free-form surfaces is that it is often difficult to immediately understand their shape. This is a 3D perception problem, and the standard depth cues [ We have found that mapping the random texture to the surface helps the user to immediately understand the surface shape. In situations where it is ambiguous whether a surface feature is a depression or an outcrop, the surface texture usually resolves the problem. This is because the user can use natural perceptual knowledge of texture gradient to understand the surface shape. Random texture also gives the interior area of a triangle a visual feature that can be followed as the surface is being reshaped, so texturing also helps editing.
The contour texture produces a series of equal-height contour lines on the surface, which helps the user gauge the height of features and to get a feel for the relative sizes of features. The texture is a one-dimensional line of pixels with just an intensity channel. All but the last pixel is at full intensity, and the mapping function calculates the distance of the surface vertices from the XY plane modulo the length of the pixel row. The planar interpolation of each polygon handles the rest of the texture lookup procedure.
This planar distance function is supplied by SGI'S Graphics Library, so we just need to specify the equations.
However, because of geometry errors in the VGX texturing library, the contour texture does not work very well, but the effect is promising. 
Modeling Interface
When THRED starts up, the user is presented with a window containing two subwindows and the top menu bar. There is only one pull-down menu in the menu bar, containing traditional file operations such as load] save, and quit.
Below the menu bar is the refinement level window, which displays all of the levels of refinement that have been made to the surface, and shows which levels are currently selectable. The refinement window is only 100 pixels tall, and is used for quick reference and for quick interactions to change the current level of refinement.
The majority of the screen space is taken up by the main window, which displays the work area and the left and right cursors.
The two cursors are both transformed from a common room coordinate system, so that cursor separation on the screen is the same as the separation of the bats in real space. A re-origining operation moves both cursors by the same amount so that the midpoint of the line segment between them is at the center of the screen space.
The right cursor is drawn as a 3D jack, and the left is a jack with a flat plate attached, reminiscent of a clipboard. Once the user understands which cursor belongs to which hand, cursor confusion rarely arises because the user relies on proprioception to find his/her hands and therefore their surrogates in the design space.
Similar to Bier's system [2], control point selection for each cursor is performed by constructing a line from the center of projection through the cursor into the scene. A cone whose axis is this line and which has a 5 degree apex spread is used to initially reject control points. All points that lie within the cone are then sorted by depth, and the closest control point is the current hot spot for the cursor.
The cone selection solves the problem of distant items being more difficult to select than closer ones, and although we do not draw it, the cone selection volume projects to a circle of fixed radius on the screen.
The right hot spot is highlighted with a 3D arrow with a cylindrical shaft and a conical arrowhead, with the tail of the arrow at the cursor and the arrowhead at the hot spot on the surface. The left hot spot is simply drawn with a thick line from its hot spot to the cursor. When a cursor has no control points under its selection cone, the previous hot spot is used. Also, if a control point is at a deeper level of refinement than the currently selected refinement level, then that control point will not be added to the hot spot list.
Right Hand Operations
The right hand has three major tasks to perform: on the distance from the X or the Y plane, depending on which face of the pyramid the vertex is on. As with the cone, the peak of the pyramid is centered on a vertex.
Left Hand Operations
The left hand has four tasks to perform, all related to context setting in some way:
. Set the current constraint mode.
q Set the current selectable refinement level.
q Manipulate the position and orientation of the entire scene. This mode is a toggle controlled by left button 3. Pressing button 3 attaches the workpiece to the left cursor, and pressing it again leaves the workpiece in place. This clutching mechanism does not use continuous button depression because the user spends a large amount of time moving the workpiece around, and continuous button pressure would be a significant burden. This mode is similar to 3-Draw [14] , with the exception that in THRED, it can be turned off. We have found that moving model while doing control point editing adds a certain amount of inaccuracy, so users generally turn it off while refining the design. JDCAD uses an identical mechanism to select primitive shape.
Constraint Mode
When manipulating the control points, there are usually two phases: gross approximation followed by many steps of refinement.
Initially the user wants to quickly place control points in approximately the right place, and then at some later point the user will refine these points to greater and greater precision.
Users also generally find precise placement of objects much easier to control if they are controlling only one degree of freedom at a time.
Users also do not want to wreck previous refinements by accidental movements caused by refinements in another degree of freedom. Liang [12, 11] points out that a substantial fraction of the operations that users perform in JDCAD are axisconstrained operations, and our experience in using JD-CAD bears this out.
Therefore, both constrained and unconstrained operations are available in THRED, with the left hand providing both the type of constraint and the geometry of the constraint.
Clicking left button 2 moves from the current constraint mode to the next in a three-step cycle of no constraints, line constraints, and plane constraints. 3.4.2 Se/ecting Refinement Leve/ All of the operations discussed above take place when the operating cursor is within the main window. However, the left cursor can select the current refinement level when it is moved above the top edge of the main window into the refinement level window. 
DEVICE ERGONOMICS
The top of figure  5 shows one of our bats, which is a In the usual posture, the thumb can press button 3 (nearest the wire), and button 2 (the middle button) (fig 5 middle left) . Shifting between button 3 and button 2 is a simple matter of rocking the thumb over the pivot of the button casings (fig 5 middle right) . The index finger presses button 1, which is therefore used for 
